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The pre-mRNA processing strategy of the B19 virus is unique among parvoviruses. B19 virus-generated
pre-mRNAs are transcribed from a single promoter and are extensively processed by alternative splicing and
alternative polyadenylation to generate 12 transcripts. Blockage of the production of full-length B19 virus
transcripts at the internal polyadenylation site [(pA)p] was previously reported to be a limiting step in B19
virus permissiveness. We show here that in the absence of genome replication, internal polyadenylation of B19
virus RNAs at (pA)p is favored in cells which are both permissive and nonpermissive for B19 viral replication.
Replication of the B19 virus genome, however, introduced either by viral infection or by transfection of an
infectious clone into permissive cells or forced by heterologous replication systems in nonpermissive cells,
enhanced readthrough of (pA)p and the polyadenylation of B19 virus transcripts at the distal site [(pA)d].
Therefore, replication of the genome facilitates the generation of sufficient full-length transcripts that encode
the viral capsid proteins and the essential 11-kDa nonstructural protein. Furthermore, we show that poly-
adenylation of B19 viral RNA at (pA)p likely competes with splicing at the second intron. Thus, we conclude
that replication of the B19 virus genome is the primary limiting step governing B19 virus tropism.

The human parvovirus B19 virus (B19V) is a member of the
Erythrovirus genus in the subfamily Parvoviridae (8, 41). B19V
causes a number of human diseases, such as fifth disease in
children, arthropathy, particularly in women, transient aplastic
crisis in individuals with a high red cell turnover rate, pure red
cell aplasia in immunocompromised patients, and hydrops fe-
talis following infection of pregnant women (4).

The B19V virion is approximately 20 nm in diameter and
contains a single-stranded DNA genome of either plus or mi-
nus polarity. The left-hand portion of the genome contains the
NS-encoding region, which is essential for virus replication,
transcription transactivation, and cytotoxicity. The right-hand
portion harbors the sequences for the two structural proteins,
VP1 and VP2. At least 12 transcripts are generated by alter-
native splicing and alternative polyadenylation from a single
pre-mRNA that is transcribed from the single promoter at map
unit 6 (P6) (Fig. 1) (24, 46). B19V transcripts polyadenylated at
the proximal polyadenylation site [(pA)p] accumulate as either
spliced or unspliced mRNAs. As unspliced mRNAs, they en-
code the nonstructural NS1 protein, which is essential for virus
replication. Spliced RNAs polyadenylated internally at (pA)p
encode a 7.5-kDa protein whose function is unknown. All
B19V transcripts detected so far that are polyadenylated at the

distal polyadenylation site [(pA)d] excise the first intron (D1 to
A1-1 or D1 to A1-2) (Fig. 1). Those that are not additionally
spliced encode the capsid protein VP1. RNAs in which the
second intron (D2 to A2-1) is additionally spliced encode the
capsid protein VP2, while those additionally spliced between
D2 and A2-2 encode the nonstructural 11-kDa protein that is
essential for virus export from the nuclei (38, 48). Two internal
polyadenylation sites, (pA)p1 and (pA)p2, have been identi-
fied. (pA)p1, which accounts for approximately 90% of the
internal polyadenylation events, has a noncanonical cleavage and
polyadenylation specificity factor binding motif (AUUAAA) lo-
cated at nucleotide (nt) 2819. (pA)p2, which accounts for approx-
imately 10% of the internal polyadenylation events, has a canon-
ical signal of AAUAAA located at nt 3115 (46).

B19V has been shown to undergo productive replication in
erythroid progenitors of human hematopoietic stem cells (26,
37). Different disease manifestations are due to the direct
cytotoxicity of the virus in susceptible cells (6). The tropism of
B19V infection is controlled by a number of determinants.
B19V infection is restricted primarily to erythroid progenitor
cells by the distribution of the viral receptor, the P antigen (5),
and reported coreceptors, namely, integrin �5�1 (42) and the
KU80 protein (22). Productive B19V infection has also been
shown to be restricted by limited capsid protein expression. In
nonpermissive cells, capsid expression is impaired due to a
blockage in full-length transcription of the viral genome (17).
Because in nonpermissive cells all RNAs transcribed from the
P6 promoter are polyadenylated at (pA)p, the majority of
mRNAs present are NS1 encoding, with only limited produc-
tion of the capsid-encoding mRNAs. NS1 causes cell death by
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its cytotoxic or apoptotic characteristics (19, 25). In contrast, in
permissive cells, more B19V RNAs read through the (pA)p
sites, which results in sufficient capsid-encoding mRNAs (17).
Studies have also shown that B19V tropism is restricted intra-
cellularly, but the mechanism of this restriction has not been
clearly established (12, 26, 36). In some cases, conversion of

single-stranded DNA to double-stranded DNA has been
shown to be blocked, resulting in aborted infection. In other
cases, conversion of the single-stranded viral DNA to double-
stranded replicative forms (RF) has been detected, but only
within a small population of cells.

The target cells for B19V replication in human bone marrow

FIG. 1. Transcription map of B19V and probes used. (A) The B19V genome of the J35 virus (GenBank accession no. AY386330) is depicted,
including the locations of the P6 promoter, the intron donors (D1 and D2) and acceptors (A1-1, A1-2, A2-1, and A2-2), the internal polyadenylation sites
[(pA)p1 and (pA)p2], the distal polyadenylation site [(pA)d], and the ITRs. The four open reading frames (ORFs) are diagramed at the top of the figure.
The different open reading frames that were used are shown with different shading patterns. The major transcript species and the proteins they encode
are shown below the diagramed B19V genome (46). (B) The probes used for RPA in this study, i.e., probe 6, probe 8, and probe 10, are diagramed at
the bottom, and their protected bands are shown with relative sizes and identities. Probe 6 has been described previously (46).
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are the erythrocyte precursors CFU-E and BFU-E (26, 37). A
few semipermissive myeloblastoid cell lines have been isolated
(e.g., UT7/Epo-S1 [20] and KU812Ep6 [18]) and support
B19V infection with a limited efficiency (only a 10-fold increase
of B19V genomes) (3, 44). CD36� erythroid progenitor cells
(CD36� EPCs) are highly permissive to B19V infection and
support B19V replication at least 100-fold (44). They can be
generated ex vivo on a large scale from primary hematopoietic
stem cells with a combination of cytokines for erythroid lineage
differentiation (11, 13).

To understand the limiting factors of B19V tropism, we studied
the relationship of B19V replication and its RNA processing. In
particular, we examined alternative polyadenylation during viral
infection in permissive CD36� EPCs, as well as viral infection and
transfection of the B19V infectious clone and nonreplicating
B19V constructs in semipermissive UT7/Epo-S1 cells. Our find-
ings show that more B19V transcripts read through (pA)p in virus
infections of CD36� EPCs and UT7/Epo-S1 cells and in trans-
fection of the infectious clone into UT7/Epo-S1 cells than in
transfection of nonreplicating B19V plasmid constructs into UT7/
Epo-S1 cells. Moreover, replication of the B19V genomes sup-
ported by artificial replication systems also strongly induced a
significant increase of transcripts reading through (pA)p. Our
findings indicate that replication of the B19V genome affects
B19V pre-mRNA processing, which results in an efficient produc-
tion of the capsid protein- and 11-kDa protein-encoding mRNAs.
We concluded that blockage of the full-length transcripts is de-
termined by the replication of the genome, which is the key
determinant for B19V tropism.

MATERIALS AND METHODS

Cell lines. COS-7 cells (CRL-1651; ATCC) and 293 cells (CRL-10852; ATCC)
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal calf serum (FCS) at 37°C in 5% CO2. UT7/Epo-S1 cells (20) were cultured
in DMEM with 10% FCS and 2 units/ml of erythropoietin (Epo) (Epogen;
Amgen, Thousand Oaks, CA) at 37°C in 5% CO2.

Generation of CD36� EPCs. CD133� cells were isolated from granulocyte
colony-stimulating factor-mobilized peripheral blood stem cells from healthy
donors (a gift from Richard Childs, NHLBI, NIH). A total of 104 cells/ml were
grown in an expansion medium (44). The composition of the expansion medium
was medium BIT 9500 (StemCell Technologies Inc.) diluted with the alpha
modification of Eagle’s medium with glutamine (Mediatech, Inc.) and supple-
mented with 900 ng/ml of ferrous sulfate (Sigma), 90 ng/ml of ferric nitrate
(Sigma), 10�6 M of hydrocortisone (Sigma), 100 ng/ml of recombinant human
stem cell factor (Invitrogen), 5 ng/ml of human interleukin-3 (Invitrogen), and 3
units/ml of Epo (Amgen).

On day 4 of culture in expansion medium, the CD36� EPCs were frozen at
2.5 � 105 cells/vial in 0.25 ml of 90% FCS plus 10% dimethyl sulfoxide in liquid
nitrogen. The frozen cells were thawed and maintained for another 4 days in
expansion medium at a concentration of �1 � 106 cells/ml. Large numbers of
CD36� EPCs, which were used for B19V infection, were obtained on day 8 or
day 9.

Virus and infection. B19V viremic plasmas were obtained from ViraCor Lab-
oratories (Lee’s Summit, MO) and were quantified for B19V genomic copies by
a real-time PCR method. Briefly, virus DNA was extracted from 20 �l of the
plasma by use of a QIAamp DNA blood mini kit (Qiagen) and finally eluted in
200 �l of deionized H2O. The pN8 plasmid, which contains the B19V sequence
of nt 199 to 5410 (49), was used as a control (1 genomic copy � 5.4 � 10�12 �g)
to establish a standard curve for absolute quantification by using TaqMan tech-
nology with an Applied Biosystems 7500 system (Foster City, CA). The amplicon
primers and the TaqMan probe were designed by Primer Express 2.0.0 software
(Applied Biosystems). Their sequences are as follows: forward primer, 5	CCTG
GGCAAGTTAGCGTACAA3	 (nt 2975 to 2995); reverse primer, 5	ATGAAT
CCTTGCAGCACTGTCA3	 (nt 3061 to 3082); and TaqMan probe, 5	CCGGT
ACTAACTATGTTGGGCATGCAA3	 (nt 3040 to 3067). TaqMan universal
PCR master mix (Takara Bio USA, Madison, WI) was used for amplification

following a standard protocol. All of the nucleotide numbers for the B19V
genome used in this study refer to the B19V sequence of the J35 isolate
(GenBank accession no. AY386330).

Plasma samples that contained genomic copies at over 1011/ml were chosen for
infection studies. Plasma 14 (P14) had the highest infectivity in UT7/Epo-S1
cells, detected by an RNase protection assay (RPA) using probe 8 (described
below). The B19V genome in P14 contained the BamHI site at nt 4077 that was
used for digestion to identify B19V replicated forms as previously reported
(26, 49).

Twenty microliters of the P14 B19V was incubated with 2 � 106 cells in a
volume of 500 �l DMEM with slow rotation at 4°C for 2 h. Infected cells were
either washed with DMEM or not washed and then cultured at a concentration
of 2 � 105 cells/ml at 37°C with 5% CO2. Infected cells were taken at various time
points postinfection (p.i.) for preparation of total RNA and Hirt DNA samples
and for immunofluorescence assay as previously described (29).

Construction of plasmids. (i) B19V constructs. The B19V infectious clone
pM20 and its NS1 knockout mutant, pM20NS(�), were described previously (48,
49). The pB19NSCap plasmid was made by inserting nt 383 to 5410 into an
EcoRI-XhoI digest of pBluescript (Stratagene). The pSKB19NS(�)Cap plasmid
was constructed by inserting nt 199 to 5410 of the B19V genome into an EcoRI-
XhoI digest of pBluescript (Stratagene) in which nt 754 and 755 were deleted to
abolish NS1 expression. p5TRB19NS(�)Cap was made by inserting the same
B19V NS(�)Cap sequence into an adeno-associated virus 5 (AAV5) inverted
terminal repeat (ITR)-containing plasmid, pAV5ITR; thus, the B19V NS(�)Cap
sequence was flanked with AAV5 ITRs at two ends in p5TRB19NS(�)Cap.
pAV5ITR was constructed by introducing EcoRV sites at the 3	 end of the left
ITR and the 5	 end of the right ITR and inserting the resulting fragment into
pAV5 (32).

pSVOB19NS(�)Cap was made by cloning the B19V NS(�)Cap sequence into a
modified pSVOd plasmid, pSVOd
tet, which was constructed by deleting the B19V
genome and the tetracycline gene from pSVOd
170B19 (1). Deleting the B19V
sequence between the D1 donor and the A1-1 acceptor (nt 586 to 2090) in both
pSVOB19NS(�)Cap and pSKB19NS(�)Cap resulted in plasmids pSKB19

D1A1Cap and pSVOB19
D1A1Cap, respectively. Further deletion of the B19V
sequence from nt 3426 to 4781 (
1300) between the A2-1 and A2-2 acceptors
resulted in plasmids pSKB19
D1A1Cap
1300 and pSVOB19
D1A1Cap
1300,
respectively. pSKB19P6Cap and pSVOB19P6Cap were made by deleting the B19V
sequence from nt 657 to 2250 in pSKB19NS(�)Cap and pSVOB19NS(�)Cap,
respectively.

(ii) Clones used to generate probes for RPA. Probe 6 was described previously
(46). Probe 8 was constructed by cloning nt 2641 to 2960, nt 3036 to 3178, and nt
5018 to 5246 of the B19V genome into EcoRI-KpnI-, BamHI-SalI-, and PstI-
HindIII-digested pGEM3Z (Promega), respectively. Probe 10 was constructed
by cloning nt 4721 to 4963 of the B19V genome into BamHI-HindIII-digested
pGEM3Z (Promega).

Transfection. COS-7 cells were transfected with 2 �g of DNA per 60-mm plate,
using Lipofectamine and Plus reagent (Invitrogen) as previously described (33). For
cotransfection, 293 cells were transfected with 1 �g of pSKB19NS(�)Cap or
p5TRB19NS(�)Cap, 0.5 �g of the AAV5 Rep plasmid pHIVAV5Rep (32), and 2
�g of the pHelper plasmid (Stratagene).

UT7/Epo-S1 cells were transfected with 2 �g of DNA per 2 � 106 cells, using
Nucleofector (Amaxa, MD) and a universal transfection reagent (DNAproject
Inc., Seattle, WA), with program X005. After transfection, cells were maintained
at 2 � 105 cells/ml in DMEM with 10% FCS and 2 units/ml of Epo.

RNA isolation and RPA. Total RNAs were isolated from transfected cells 2
days after transfection and from infected cells at various time point p.i., using
Trizol reagent (Invitrogen).

RPAs were performed as previously described (23, 35). Probes were generated
from EcoRI-digested templates by in vitro transcription with SP6 polymerase,
using a MAXIscript kit (Ambion) following the protocol provided. RNA hybrid-
izations for RPAs were done with a substantial probe excess, and RPA signals
were quantified with a Storm 856 phosphorimager and Image Quant TL software
v2005 (GE Healthcare). Relative molar ratios of individual species of RNAs
were determined after adjusting for the number of 32P-labeled uridines (U) in
each protected fragment, as previously described (35).

To test the stability of the B19V RNAs, we infected CD36� EPCs with B19V
P14 as described above and, 72 h later, added actinomycin D (Sigma) to a final
concentration of 5 �g/ml. Total RNAs were isolated 0, 2, 4, and 6 h after
treatment and were subjected to RPA analysis.

DNA isolation and analysis. DNA of low molecular weight (Hirt DNA) (14)
was isolated to visualize RF by Southern blot analysis. After B19V infection or
transfection, paired dishes of cells were collected for Hirt DNA extraction,
except for one which was used for total RNA isolation as described above. Cells
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were washed twice with phosphate-buffered saline. Cells were then lysed in 2%
sodium dodecyl sulfate and treated with proteinase K (0.5 mg/ml). DNA was
collected by binding to a DNA miniprep spin column (Zymo, Orange, CA) and
being eluted with Tris-EDTA buffer. Prepared Hirt DNA samples were digested
with appropriate restriction enzymes where necessary, as indicated in the figure
legends, and samples were run in a 1% agarose gel. Southern blot analysis was
performed essentially as described previously (23, 28), using the B19V NSCap
probe (nt 199 to 5410). Blots were exposed to a GE phosphorimaging screen, and
the DNA forms were quantified by a Storm 856 phosphorimager and Image
Quant TL software v2005 (GE Healthcare) where indicated.

RESULTS

The majority of B19V transcripts read through the (pA)p
sites during viral infection of permissive CD36� EPCs. CD36�

EPCs were expanded and differentiated in large quantities in
the presence of a combination of cytokines as previously re-
ported (11, 13). Cells were infected with B19V at a multiplicity
of infection of �103 genomic copies/cell on day 9 postdiffer-
entiation, within the days that cells were previously shown to
be most susceptible to B19V replication (44). Total RNA or
Hirt DNA samples were prepared at 2, 18, 24, 36, and 72 h p.i.

and were analyzed by RPA or Southern blotting. As shown by
the 1.4-kb bands that were present following digestion of DNA
samples by BamHI (Fig. 2A, lanes 2 to 6), replication of the
B19V genome was detectable at 24 h p.i. (Fig. 2A, lane 4) and
progressed to the highest level at 72 h p.i. (Fig. 2A, lane 6) in
CD36� EPCs. There was an approximately 20-fold increase in
the RF (1.4-kb band) from 24 to 72 h p.i. Assembled capsids
were also detected by immunofluorescence (Fig. 2B), confirm-
ing that the CD36� EPCs were highly permissive for B19V
replication and capsid production, as previously reported (44).
The rate of appearance of B19V capsids in infected CD36�

EPCs (Fig. 2B, top panels) paralleled the appearance of the
viral RF, as shown in Fig. 2A. At 18 h p.i., the 1.4-kb RF was
barely detectable (Fig. 2A, lane 3). However, it seems that a
low level of replication, or at least second-strand synthesis,
must have occurred by this time, since capsid proteins were
detected by immunofluorescence (Fig. 2B, top panels, compare
18 h p.i. to 2 h p.i.).

RPA results using probe 8, which was able to display B19V
RNAs polyadenylated at (pA)p1, (pA)p2, and (pA)d, showed

FIG. 2. B19V infection of CD36� EPCs and UT7/Epo-S1 cells. CD36� EPCs or UT7/Epo-S1 cells were infected with B19V. (A) Southern
blotting. Hirt DNAs were isolated at different time points p.i., as indicated at the top of the figure. BamHI-digested fragments were resolved in
1% agarose and were transferred to a nitrocellulose membrane. The blot was hybridized with the B19V NSCap probe spanning the B19V genome
at nt 199 to 5410. Lane 1 shows the BamHI-digested bands of B19V infectious DNA (nt 1 to 5596) as a control and a size marker. (B) Immu-
nofluorescence assay. B19V-infected cells were collected at different time points p.i., as indicated at the top, and were cytocentrifuged onto slides
by use of a Shandon Cytospin 3 centrifuge (Thermo Scientific, MA). Fixed cells were incubated with a mouse monoclonal antibody that reacted
only with assembled B19V capsids (clone 5215D; Millipore) and were stained with fluorescein isothiocyanate-conjugated secondary antibody. The
background was counterstained with Evans blue. Images were acquired by an Eclipse C1 Plus confocal microscope (Nikon) at a magnification
of �40.
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that at 24, 36, and 72 h p.i., approximately 60% of the B19V
transcripts read through the (pA)p sites [(pA)p1 and (pA)p2]
and were ultimately polyadenylated at (pA)d (Fig. 3A, lanes 3
to 5). However, at 18 h p.i., half of the B19V transcripts were
blocked at (pA)p (Fig. 3A, lane 2). As the infection progressed,
the total amount of B19V transcripts increased significantly
and accumulated to a maximum level at 36 h p.i. (Fig. 3A, lanes
3 and 4). B19V transcripts decreased after 36 h p.i. (Fig. 3A,
lane 5), although replication of the B19V genome continued
and reached its highest level at 72 h p.i. (Fig. 2A, lane 6).
Analysis of B19V RNAs by probe 6 revealed that there were
approximately two- to threefold more B19V RNAs spliced at
the A2-1 acceptor site (Fig. 3B, lanes 3 to 5) after 24 h p.i.;
however, this increase was less at 18 h p.i., early in infection
(Fig. 3B, lane 2). B19V RNAs spliced at the A2-1 acceptor
encode the VP2 capsid protein. The steady-state level of the

VP2 mRNA shown in Fig. 3B indicates that approximately 15
to 17% of B19V RNAs were VP2-encoding mRNAs at 24 h
p.i., which is approximately twice more than what was present
at 18 h p.i. (Fig. 3B, compare lanes 3 to 5 with lane 2). B19V
RNAs were spliced at the A2-2 acceptor at a relatively consis-
tent level throughout the course of infection. The ratio of RNA
spliced at the A2-2 junction to unspliced B19V RNA across
this region was approximately 2 to 3 (Fig. 3C, lanes 2 to 5),
indicating that a high level of mRNA encoding the 11-kDa
protein was generated during B19V infection of CD36� EPCs.

Similar to AAV2 and AAV5 RNAs (21, 32), B19V RNA tran-
scripts generated in CD36� EPCs that were polyadenylated ei-
ther at (pA)p or at (pA)d were stable after 6 h of treatment with
actinomycin D (Fig. 3D). B19V RNAs generated during infection
of UT7/Epo-S1 cells and following transfections of 293 cells and
COS-7 cells were also stable (data not shown).

FIG. 3. Polyadenylation of B19V RNAs shows a shift from (pA)p early in infection to (pA)d late during infection of CD36� EPCs or
UT7/Epo-S1 cells. In addition, B19V RNAs generated following transfection of nonreplicating B19V genomes did not generate significant levels
of B19V RNAs polyadenylated at (pA)d. CD36� EPCs were infected with B19V, and total RNAs were isolated at 18, 24, 36, and 72 h p.i.;
UT7/Epo-S1 cells were infected with B19V, and total RNAs were isolated at 18, 36, and 72 h p.i. Plasmids pM20, pM20NS(�), and pSKB19NSCap
were transfected into UT7/Epo-S1 cells, and 72 h later, total RNA was isolated. All RNA samples were protected by probe 8, probe 6, or probe
10, and results for a representative experiment are shown. (A) RPA using probe 8. Bands representing RNAs that either read through or were
polyadenylated at (pA)p1, (pA)p2, and (pA)d are designated RT(pA)p1, RT(pA)p2, and RT(pA)d or (pA)p1, (pA)p2, and (pA)d, respectively.
Quantification of the ratio of B19V RNA at (pA)d to total polyadenylated B19V RNA is shown as a percentage [(pA)d%]. (B) RPA using probe
6. Bands representing RNAs that were either spliced or unspliced at the A2-1 acceptor are designated Unspl (for unspliced RNAs) and Spl (for
spliced RNAs). Alternative representations for these bands are shown with their coding capabilities in parentheses. Quantification of the ratio of
spliced RNA (VP2 mRNA) versus unspliced RNA (VP1 mRNA) is shown as the Spl/Unspl ratio, and quantification of the VP2 mRNA is shown
as a percentage of VP2 mRNA (VP2 mRNA%) in the total RNA protected by probe 6. The identities of the bands indicated with a star are
unknown, as previously described (46), and therefore they were not included in the quantification. (C) RPA using probe 10. Bands representing
RNAs that were either spliced or unspliced at A2-2 are designated Unspl (for unspliced RNAs) and Spl (for spliced RNAs). Alternative
representations for these bands are shown with their coding capabilities in parentheses. Quantification of the ratio of spliced RNA (11-kDa protein
mRNA) versus unspliced RNA (VP2 mRNA) is shown as the Spl/Unspl ratio. The bands indicated with a star are likely nonspecific hybridized
products. (D) B19V RNAs were stable. CD36� EPCs were infected with B19V. After 72 h, cells were treated with actinomycin D, and total RNAs
were isolated at the times indicated and were protected by probe 8. All of the quantifications represent average results for at least three individual
experiments, with standard deviations underneath. N, not determined because there were nearly no spliced RNAs detected. Lanes 1 in panels A,
B, and C, a 32P-labeled RNA ladder with the respective sizes indicated to the left, as previously described (32).
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Blockage of full-length B19V transcripts was observed early
during B19V infection and in transfection of B19V nonrepli-
cative plasmid constructs in semipermissive UT7/Epo-S1 cells.
We further investigated the expression of B19V RNAs gener-
ated during infection of the semipermissive cell line UT7/
Epo-S1 (20). In contrast to the case for B19V infection of
CD36� EPCs, we could not detect B19V transcripts polyade-
nylated at (pA)d at 18 h p.i. (Fig. 3A, lane 6). Approximately
30% of the B19V transcripts were polyadenylated at (pA)d at
36 h p.i. (Fig. 3A, lane 7). Surprisingly, at 72 h p.i., a higher
level (approximately 60%) of B19V RNAs were polyadenyl-
ated at (pA)d (Fig. 3A, lane 8), similar to levels generated by
B19V at later time points during infection of CD36� EPCs.
These results suggested that as infection progressed in UT7/
Epo-S1 cells, there was a switch to increased levels of B19V
transcripts that read through (pA)p. There also was a gradual
increase of the steady-state level of VP2 mRNA as infection
progressed, which was accompanied by an increase in the ratio
of spliced/unspliced RNA in the region of the A2-1 acceptor
site (Fig. 3B, lanes 6 to 8) and the A2-2 site (Fig. 3C, lanes 6
to 8). Approximately 16% of the B19V RNAs generated at
72 h p.i. in UT7/Epo-S1 cells and protected by probe 6 were
VP2-encoding mRNAs (Fig. 3B, lane 8), similar to the levels
generated late during B19V infection of CD36� EPCs.

The difference we observed between CD36� EPCs and UT7/
Epo-S1 cells at early time points p.i. could potentially have
been due to a more rapid onset of viral replication in CD36�

EPCs. Replication of B19V in UT7/Epo-S1 cells is restricted to
a small population (12). We found that replication of the B19V
genome in UT7/Epo-S1 cells was slower than that in CD36�

EPCs. At 72 h p.i., only a limited amount of viral RF could be
detected in UT7/Epo-S1 cells, comparable to the level in
CD36� EPCs at 24 h p.i. (Fig. 2A, compare lane 10 to lane 4).
Between 36 and 72 h p.i., the number of infective cells shown
by immunofluorescence was not significantly increased.

Potentially, efficient B19V replication in CD36� EPCs could
facilitate readthrough of (pA)p early during infection, and
reduced replication of the B19V genome in UT7/Epo-S1 cells
did result in an increase in polyadenylation at (pA)d over time.
Our results with both CD36� EPCs and UT7/Epo-S1 cells
support the previous observation that in permissive cells B19V
transcripts read through the internal (pA)p site, thereby gen-
erating capsid-encoding RNAs and supporting a productive
infection, and that in nonpermissive cells polyadenylation at
(pA)p is preferred, preventing extension into the capsid gene
(17). Thus, we attempted to determine whether viral replica-
tion itself was able to facilitate readthrough of (pA)p or, al-
ternatively, whether the permissive cell environment per se was
able to support efficient polyadenylation at (pA)d. We trans-
fected the B19V infectious clone pM20 (49) and two nonrep-
licating B19 plasmids, the infectious clone in which the NS1
gene was mutated [pM20NS(�)] and the pB19NSCap plasmid,
into UT7/Epo-S1 cells. The infectious clone pM20 replicated
with a low efficiency (Fig. 4, lane 6) in UT7/Epo-S1 cells;
replication of pM20NS(�) and B19NSCap was not detected
(Fig. 4, lanes 4 and 10). Approximately 40% of the B19V
RNAs generated by pM20 following transfection of UT7/
Epo-S1 cells were polyadenylated at (pA)d (Fig. 3A, lane 10).
In contrast, more than 95% of the B19V RNAs generated by
transfection of the two nonreplicative plasmids, pM20NS(�)

and pB19NSCap, were polyadenylated at (pA)p1 (Fig. 3A,
lanes 9 and 11), indicating a block to the generation of full-
length transcripts in the semipermissive UT7/Epo-S1 cells.
Since there were few readthrough transcripts following trans-
fection of the nonreplicative plasmids, neither VP2-encoding
mRNAs (Fig. 3B, lanes 9 and 11) nor 11-kDa protein-encoding
mRNAs (Fig. 3C, lanes 9 and 11) could be detected. The
efficiency of splicing at A2-1 for B19V RNAs generated by
transfection of the infectious clone was similar to that seen in
viral infection (Fig. 3B, compare lane 10 with lane 8). Similar
levels of B19V RNAs spliced at A2-2 (the 11-kDa protein-
encoding mRNAs) were also seen for both transfection of the
infectious clone and viral infection (Fig. 3C, compare lane 10
to lane 8). These results indicate that in UT7/Epo-S1 cells,
B19V RNAs were efficiently polyadenylated at the internal
(pA)p site both early in B19V infection and in transfection of
the nonreplicative B19V constructs. Therefore, replication of
the viral genome, initiated either by viral infection or by trans-
fection of the infectious clone, facilitates the readthrough of
(pA)p, producing RNAs that can subsequently be spliced to
generate the capsid- and 11-kDa protein-encoding mRNAs.

Transfection of the pM20 infectious clone into CD36� EPCs
was attempted following a method reported previously (44).
Similar to what was observed with UT7/Epo-S1 cells, approx-
imately one-half of the B19V RNAs read through the (pA)p
site and ultimately were polyadenylated at (pA)d (data not
shown). However, we were unable to obtain sufficient RNAs to
perform RPA from transfections of the nonreplicative plas-
mids, pM20NS(�) and pB19NSCap, into CD36� EPCs, since
a large portion of the cells after transfection were dead (data
not shown).

FIG. 4. Southern blot analysis of UT7/Epo-S1 cells transfected with
B19V infectious or noninfectious templates. Hirt DNAs were prepared
at 72 h posttransfection and were digested with EcoRI (�) or DpnI
(�) as indicated at the top of the blot. Digested DNA samples were
resolved in 1% agarose gel and were subjected to Southern blot hy-
bridization with the B19V NSCap probe. Lanes 1 and 7 and lanes 2 and
8 show the 5.6-kb band and the DpnI-digested bands of the B19V
infectious DNA (nt 1 to 5596), respectively, which serve as controls for
DpnI digestion and also as size markers.
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Replication of the B19V genome using AAV5 ITRs resulted
in efficient readthrough of B19V transcripts at (pA)p. To study
whether replication of the B19V genome itself can facilitate
increased readthrough of (pA)p, we used a heterologous rep-
lication origin, the AAV5 ITRs, to support replication of the
B19NS(�)Cap genome (nt 199 to 5410). In addition, we pro-
vided all the necessary genes for replication of this construct in
293 cells. In this construct, NS1 expression was abolished by a
frameshift, and half of the B19V ITRs at both ends were
deleted. The NS gene, which is not involved in B19V pre-
mRNA processing (46; data not shown), was mutated in these
constructs to avoid toxicity (19, 25). AAV5 is a member of the
Dependovirus genus; it is a human parvovirus that is dependent
on adenovirus for replication (41). Like AAV5, B19V has
identical terminal repeat structures at both ends, so its repli-
cation should employ a similar model. Replication of the AAV
genome involves hairpin-primed conversion of the single-
stranded parental genome into a double-stranded replicative
intermediate, followed by resolution of the terminal hairpins
by the large nonstructural protein Rep78 and final separation
of the single-stranded progeny viral genome (45).

Transfection of the AAV5 ITR-B19NS(�)Cap chimera,
p5TRB19NS(�)Cap, but not pSKB19NS(�)Cap, which did
not contain the AAV5 ITRs, together with the AAV5 Rep
gene and the pHelper plasmid, which contains the adenovirus
E2, E4orf6, and VA RNA genes, resulted in highly efficient
replication of the B19V genome in 293 cells (Fig. 5, compare
lanes 19 and 20 to lanes 9 and 10). As expected, more than
90% of the B19V RNAs generated from the nonreplicating
construct were polyadenylated at (pA)p (Fig. 6A, lanes 1 to 7),
while approximately 60% of B19V RNAs generated from the
replicating constructs read through (pA)p and were polyade-
nylated at (pA)d (Fig. 6A, lane 8). These results suggested that

the replication process is the critical parameter that allows
extension of B19V RNA past (pA)p. Interestingly, we also
observed an increase in splicing at the A2-1 acceptor under
replication conditions. The ratio of spliced to unspliced RNA
in this region was approximately 1 under all nonreplicating
conditions (Fig. 6B, lanes 1 to 7) and approximately 2.5 under
the replication conditions described here (Fig. 6B, lane 8).
Twenty-five percent of the steady-state spliced RNAs under
these conditions were VP2-encoding mRNAs (Fig. 6B, lane 8),
resulting in efficient capsid production (data not shown). Thus,
increased genome replication resulted in the generation of
greater levels of VP2-encoding mRNAs. Splicing at the A2-2
site (which generates mRNAs encoding the 11-kDa protein)
was also slightly increased under replication conditions (the
ratio of spliced to unspliced RNA in this region was approxi-
mately 3) (Fig. 6C, lane 8) compared with that under nonrep-
licating conditions (where the ratio was 1) (Fig. 6C, lanes 1 to
7). These results indicated that replication of the B19V ge-
nome supported by the AAV5 ITRs was sufficient to facilitate
increased readthrough of (pA)p and the subsequent splicing of
the second intron, similar to what was found in B19V infection
of CD36� EPCs and UT7/Epo-S1 cells (Fig. 3). Surprisingly,
we did not observe a proportional increase of transcripts rel-
ative to the replicated levels of the 5TRB19NS(�)Cap tem-
plate (Fig. 6A, B, and C, lanes 8). The reason for this discrep-
ancy is currently unknown.

Minimal replication in COS-7 cells of the B19V genome in
constructs containing the SV40 replication origin increased
readthrough of (pA)p. COS-7 cells are normally nonpermissive
for B19V replication. It has been reported that the simian virus
40 (SV40) origin of replication supports replication of a plas-
mid containing the B19V genome in COS-7 cells that express
the SV40 large T antigen (1). In our experiments, however,
replication of the previously analyzed pSVOdB19
170 con-
struct (1), as well as various other SV40 origin-B19V genome-
containing constructs, was quite low (Fig. 7A). To determine
whether this low level of replication still had effects on the
relative usage of (pA)p, we compared two variant B19V ge-
nomes in both the poorly replicating pSVOd and nonreplicat-
ing pSK plasmid backgrounds. B19V RNAs generated by
transfection of these constructs into COS-7 cells were analyzed
with probe 8, probe 6, and probe 10 (Fig. 1B). Surprisingly,
polyadenylation at (pA)d increased from 17% to 38% in the
replicating background for B19V RNAs generated from a
B19V genome with an NS mutation [pSKB19NS(�)Cap and
pSVOB19NS(�)Cap] (Fig. 8A, compare lane 2 with lane 1)
and from 15% to 36% for transcripts from a B19V genome in
which the large intron from D1 to A1-1 had been deleted
(pSKB19
D1A1Cap and pSVOB19
D1A1Cap) (Fig. 8A,
compare lane 4 with lane 3). These results suggested that even
weak replication of the B19V genome can still influence the
polyadenylation of B19V RNAs at (pA)p and that upon rep-
lication, the level of readthrough of (pA)p in nonpermissive
COS-7 cells approaches that for B19V infection of human
bone marrow cells (1). Interestingly, this was the case even if
replication was within a circular double-stranded DNA mole-
cule.

As observed above, greater levels of VP2-encoding mRNAs
(approximately 15%) were also seen under replication condi-
tion in COS-7 cells, which was consistent with increased splic-

FIG. 5. Replication of the B19V genome is supported by AAV5
replication elements. Plasmids pSKB19NS(�)Cap and p5TRB19NS
(�)Cap were transfected into 293 cells with different combinations of
the pHIVAV5Rep and pHelper plasmids, as indicated at the top of the
figure. After 48 h, total RNAs and Hirt DNAs were isolated. Hirt
DNAs were digested with EcoRI (�) or DpnI (�) and were resolved
in 1% agarose gel. After transfer, the membrane was probed with the
B19V NSCap probe. Lanes 1 and 2 and lanes 11 and 12 are controls for
DpnI digestion and size markers, respectively. The RF of both mono-
mers and dimers in lanes 19 and 20 are indicated.
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ing (approximately threefold more) at the A2-1 site (Fig. 8B,
compare lanes 2 and 4 with lanes 1 and 3). Interestingly, in-
creased splicing (approximately two- to threefold more) at the
A2-2 site was also found under replication conditions (Fig. 8C,
compare lanes 2 and 4 with lanes 1 and 3), similar to that seen
in viral infection, indicating an increased 11-kDa protein-en-
coding mRNA level.

Splicing of the second intron at A2-1 and polyadenylation of
B19V RNAs at (pA)p1 compete for the pool of B19V pre-
mRNAs. We previously demonstrated that splicing and poly-
adenylation at (pA)p compete for the pool of AAV5 pre-
mRNAs (31, 34). Because for B19V both the (pA)p1 and
(pA)p2 sites are located in the functional D2 and A2-1 intron,
we investigated whether splicing and polyadenylation at (pA)p
compete with each other for the processing of B19V mRNAs.

To test this possibility, we first made the construct
pSKB19Cap, in which the distance between the P6 promoter
and the D2 donor site was shortened, because we have previ-
ously shown that the size of the first exon is a critical factor for
the splicing of the downstream intron of AAV5 (30). Following
transfection of pSKB19P6Cap into COS-7 cells, splicing at

A2-1 was significantly increased (Fig. 9B, lane 5), and as ex-
pected, polyadenylation of B19V RNAs at (pA)d was signifi-
cantly decreased (Fig. 9A, lane 5). There was no apparent
difference observed for both polyadenylation and splicing of
the B19V mini-RNAs generated from the replicative construct
of pSVOB19P6Cap in COS-7 cells (Fig. 9A, B, and C, lanes 6),
suggesting that the increased splicing of B19V RNAs at A2-1
(spliced/unspliced ratio � 20) had driven the percentage of
B19V RNAs polyadenylated at (pA)d to a maximum level
(81%). Replication of pSVOB19P6Cap in COS-7 cells was not
improved, although its size was reduced (Fig. 7A, lane 22).

We next generated two constructs, pSKB19NS(�)Cap
1300
and pSKB19
D1A1Cap
1300, in which a region of approximate
1,300 nt between the A2-1 and A2-2 acceptors was deleted (Fig.
7B). This deletion resulted in an increase in the level of B19V
RNAs spliced at A2-1 following transfection of these two con-
structs into COS-7 cells, similar to the levels seen with
pSKB19P6Cap (Fig. 9B, compare lanes 1 and 3 to lane 5). Inter-
estingly, pSKB19NS(�)Cap
1300 and pSKB19
D1A1Cap

1300, which were nonreplicative (Fig. 7A, lanes 12 and 16), al-
ready generated more than 70% of the B19V transcripts poly-

FIG. 6. Replication of the B19V genome initiated by AAV5 ITRs resulted in significant increases in B19V RNAs polyadenylated at (pA)d.
Plasmids pSKB19NS(�)Cap and p5TRB19NS(�)Cap were transfected into 293 cells with different combinations of the pHIVAV5Rep and
pHelper plasmids, as indicated at the top of the figure. After 48 h, total RNAs were isolated and were protected by probe 8 (A), probe 6 (B), or
probe 10 (C). All of the protected bands are designated as described in the legend to Fig. 3, and all of the quantifications were also performed
as described in the legend to Fig. 3.
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adenylated at (pA)d in COS-7 cells (Fig. 9A, lanes 1 and 3). Thus,
the differences observed did not result from differences in repli-
cation of the two sets of constructs, as they generated similar
levels of B19V mini-RNAs polyadenylated at (pA)d (Fig. 9A,
lanes 2 and 4).

Taken together, these results indicate that increased splicing of
the D2 to A2-1 intron, as a result of either introduction of a short
first exon or a deletion in the last exon, was accompanied by a
decrease in RNA polyadenylated at (pA)p and an increase in
polyadenylation at (pA)d, which would be predicted to ultimately
result in more production of VP2-encoding mRNA (Fig. 9B,
lanes 1 to 6). Interestingly, the relative level of B19V RNAs
spliced at the A2-2 acceptor site was decreased approximately
fivefold following transfection of the two 
1300 constructs (Fig.
9C, lanes 1 to 4), suggesting that splicing at A2-2 is unlikely
involved in competition with polyadenylation at (pA)p.

DISCUSSION

In this study, we have shown that in the absence of replica-
tion, polyadenylation of B19V RNAs at (pA)p is predominant
in cells both permissive and nonpermissive for viral replication,

although the core poly(A) signal of (pA)p1 is noncanonical
(AUUAAA). However, replication of the B19V genome, ei-
ther during viral infection or following transfection of an in-
fectious clone or transfection of the B19V genome replicated
via heterologous origins of replication, resulted in an increased
readthrough of (pA)p, increasing polyadenylation at (pA)d in
both cell types. B19V mRNAs polyadenylated at (pA)d encode
the capsid proteins, VP1 and VP2, and the essential nonstruc-
tural 11-kDa protein.

We found that polyadenylation at (pA)p1 and splicing of the
second intron (D2 to A2-1) are in competition with each other
for the pool of B19V pre-mRNAs. Increased readthrough of
(pA)p1 was always accompanied with increased splicing of the
second intron at A2-1 in virus infection, transfection of an
infectious clone, and heterologous replication systems. On the
other hand, “artificial” increased splicing of the second intron
by shortening the first or the last exon during transfection of
variant B19V plasmid mutants was able to induce B19V RNAs
to pass (pA)p1. For AAV5, polyadenylation at (pA)p also
competes with splicing; however, the mechanism underlying
this effect must be different. In AAV5, the 3	 polypyrimidine
tract and the (pA)p downstream element overlap. Thus,

FIG. 7. COS-7 cells support only poor replication of SV40 ori-containing B19V plasmids. (A) Southern blot. COS-7 cells were transfected with
the constructs that are diagramed in panel B. After 48 h, Hirt DNAs were prepared, digested with EcoRI (�) or DpnI (�), and resolved in 1%
agarose gel. After transfer, the membrane was probed with the B19V NSCap probe. Lanes 1 and 2 are a control for DpnI digestion and size
markers, respectively. The bands of newly synthesized B19V DNAs in COS-7 cells that were resistant to DpnI digestion are indicated with asterisks.
(B) Diagrams of B19V constructs. The B19V genome from nt 199 to 5140, which contains only half of the terminal repeat (1/2TR), and the
locations of the P6 promoter, the intron donors (D1 and D2) and acceptors (A1-1, A2-2, A2-1, and A2-2), and the polyadenylation sites [(pA)p
and (pA)d] are shown. The regions of deletion in individual B19V minigenomes are indicated by the nucleotide numbers underneath. The B19V
genomes or deletions were inserted into either an SV40 ori-containing plasmid backbone (pSVOd) or a regular backbone (pBluescript) and are
termed the pSVOB19 or pSKB19 series of plasmids, as described in Materials and Methods.
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U2AF65, which binds to the 3	 polypyrimidine tract, and
CstF65, which binds to the downstream element, likely com-
pete for binding to the same RNA sequence. For AAV5, U1
snRNP binding to the small intron donor upstream of (pA)p
has been shown to inhibit polyadenylation at the internal site
(34). Our results with pSVOB19P6Cap, presented here, in
which shortening of the 5	 exon increases readthrough of
(pA)p, may indicate that B19V (pA)p shares this feature of
regulation. The distance between the P6 promoter and the
D2 donor was critical for efficient polyadenylation at (pA)p
of B19V RNAs generated following transfection of the
pSVOB19P6Cap construct. When this distance was shorter
than 200 nt, which was the case for pSVOB19P6Cap, poly-
adenylation at (pA)p1 was inhibited. When this distance was
large (�400 nt), which was the case for pSVOB19
D1A1Cap,
polyadenylation at (pA)p1 was not inhibited. Conceivably, as
in AAV5 (30), a shorter distance between the 5	 end of the

RNA and the first donor site stabilizes U1 snRNP binding to
the D2 donor, which inhibits downstream polyadenylation at
(pA)p1. Presumably, as previously reported for AAV5 (34),
the distance between the D2 donor and (pA)p1, which is ap-
proximately 450 nt, was still able to allow for the upstream
binding of U1 snRNP to moderately inhibit polyadenylation at
(pA)p.

We have not ruled out the possibility that deletion of the
1,300-nt region between the A2-1 and A2-2 acceptors directly
increases polyadenylation at (pA)d, thus reducing polyadenyla-
tion at (pA)p and increasing splicing at A2-1. However, poly-
adenylation of B19V RNAs at (pA)p and splicing at the D2 to
A2-1 intron must compete within the same pool of B19V
pre-mRNAs generated from the single P6 promoter. How
splicing and polyadenylation compete in B19V RNA process-
ing is under further investigation.

Our experiments do not allow us to determine whether rep-

FIG. 8. Despite poor replication of the B19V genome in COS-7 cells, it did moderately increase polyadenylation of B19V RNAs at (pA)d.
COS-7 cells were transfected with pSVOd-based (pSVO) or pBluescript-based (pSK) constructs, as indicated by SV40 Ori (�) or SV40 Ori (�)
at the top. The B19V genomes of B19NS(�)Cap and B19
D1A1Cap are diagramed in Fig. 7B. After 48 h, total RNAs were prepared and were
protected by probe 8 (A), probe 6 (B), and probe 10 (C). All of the protected bands are designated as described in the legend to Fig. 3, and all
of the quantifications were performed as described in the legend to Fig. 3.
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lication of the B19V genome increases B19V RNA splicing,
which then competes with and reduces polyadenylation at
(pA)p, or alternatively, whether replication directly enhances
polyadenylation at (pA)d. Replication of DNA viral genomes
often takes place in replication centers, e.g., in adenovirus
infection (27). It has been shown that replication of the AAV2
genome occurs within adenovirus replication centers, where
RNA processing factors are concentrated (43). It is possible
that if B19V replicates in such replication centers, then the
replication center or replication factors that are recruited to
the replication center help with B19V RNA splicing, which
therefore competes with polyadenylation at (pA)p, or vice
versa. It is further possible that when replication of the B19V
genome is mediated via AAV5 ITRs in the presence of the
AAV5 Rep and pHelper plasmids, it takes place in an adeno-

virus-like replication center formed by five adenovirus helper
products (E1A, E1B, E2, E4orf6, and VA RNA). SV40 chro-
matin replicates in discrete subnuclear factories that reside
near promyelocytic leukemia protein bodies (15, 16, 40). Thus,
it is likely that replication of the B19V genome by the SV40 ori
and the large T antigen also takes place in replication-like
centers in COS-7 cells. Although the replication efficiency is
low for these large SV40 ori-containing plasmids, it is possible
that most of the SV40 ori-containing DNA templates were
relocated to the replication center by the large T antigen.
Whether replication of the B19V genome during natural in-
fection occurs in a replication center, like AAV2 replication
(43), or whether it reorganizes in a nuclear compartment like
the case for minute virus of mice (47) needs to be investigated
further. Apparently, a significantly higher percentage of poly-

FIG. 9. Splicing and polyadenylation at the (pA)p site compete for the processing of B19V pre-mRNAs. COS-7 cells were transfected with
pSVOd-based (pSVO) or pBluescript-based (pSK) constructs, as indicated by SV40 Ori (�) or SV40 Ori (�) at the top. The variant B19V
minigenomes of B19NS(�)Cap
1300, B19
D1A1Cap
1300, and B19P6Cap are diagramed in Fig. 7B. After 48 h, total RNAs were prepared and
were protected by probe 8 (A), probe 6 (B), and probe 10 (C). All of the protected bands are designated as described in the legend to Fig. 3, and
all of the quantifications were performed as described in the legend to Fig. 3.
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adenylation at (pA)d was seen for these nonreplicative B19V
templates in COS-7 cells (Fig. 8, lanes 1 and 3), and a slight
increase of polyadenylation at (pA)d was seen for transfection
of p5TRB19NS(�)Cap in the presence of pHelper expression
(Fig. 6A, lane 6). These results imply that other factors or
changes to the intranuclear architecture or location of the
B19V transcription templates, in addition to the replication of
the genome, may also be involved in regulation of polyadenyl-
ation, at least under these conditions.

mRNA processing occurs cotranscriptionally. Capping,
splicing, and cleavage/polyadenylation of pre-mRNAs are in-
terdependent events that are all stimulated in vivo by the
carboxy-terminal domain of RNA polymerase II (2, 7, 10). It is
possible that transcription of the B19V P6 promoter, which
could be activated during replication of the B19V genome,
confers efficient polyadenylation at (pA)p and thus increases
the number of readthrough transcripts. Experiments in which
the B19V P6 promoter is activated by heterologous activators
via their cis elements are ongoing to investigate such a possi-
bility.

Collectively, our study has demonstrated that replication of
the B19V genome is the key determinant for the generation of
sufficient B19V capsid-encoding mRNAs after B19V achieves
proper entry into cells, an event which is mediated by the
receptors and coreceptors. For parvoviruses, viral replication
relies on cells cycling through the cellular S phase, for auton-
omous parvovirus (9), or occurs in conjunction with helper
virus genes, for the dependoviruses (45). The remarkable tro-
pism of B19V to erythroid progenitor cells supports the model
that replication of the B19V genome requires cellular factors
induced by differentiation directed toward the erythroid lin-
eage. To date, the B19V-permissive cells identified all depend
on the erythroid-specific cytokine Epo for proliferation and
differentiation. The susceptibility of primary erythropoietic
cells to B19V has been shown to increase with differentiation
(39). Virus replication was detected only in Epo-containing
cultures, such as UT7/Epo-S1 cells and CD36� EPCs. How-
ever, we were recently able to show a significant increase of
replication of the B19V infectious clone by adenovirus E2,
E4orf6, and VA RNA in 293 cells (W. Guan and J. Qiu,
unpublished data), suggesting that the tropism of B19V, cur-
rently thought to be restricted to the presence of cellular fac-
tors generated by erythroid differentiation, might be expanded
by helper viruses to infect cells that express B19V receptors.
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